Bulbs of Tulipa gesneriana 'Queen of Night' at stage G3 were treated with low temperature at 4°C or 8°C for 0 to 10 weeks and then grown under forcing conditions in a greenhouse. The developmental process of microspores with different low temperature treatments follows a similar developmental pattern, irrespective of the duration of low temperature. Pollen remained at the uninucleate stage for a long time after planting, then rapidly developed into the binuclear stage about one week before anthesis and then into mature pollen. Generally, the days from planting to anthesis decreased, while the percentage of stainable pollen and the floral stalk length increased with increasing chilling duration. However, the flowering percentage declined in the bulbs treated at 4°C for 8 and 10 weeks. Stainable pollen in all treatments ranged 70-90% at anthesis. Treatment of the bulbs with a higher stainable pollen percentage at the time of anthesis resulted in longer floral stalks too. This positive correlation suggests that the elongation of floral stalk induced by chilling probably affects the development of pollen and vice versa.
INTRODUCTION
A period of low temperature before forcing bulbs is essential for proper flowering in tulip (Tulipa gesneriana). Without adequate exposure to cold, the resulting flowers are poor, and often show incomplete development known as "blasting" (Hobson and Davies, 1978) . The cold requirement can be satisfied by exposing bulbs to moderately low temperatures after flower organs are fully developed. According to Rees (1972) , "five-degree" forcing is a well-tried method for conditioning tulip bulbs prior to planting. Hobson and Davies (1978) proposed that as long as the bulbs are not frozen, the number of cold units (days × °C below control) received affects their subsequent flowering behaviors. According to their suggestion, it would appear that any cold treatment affording more than about 1100 cold units on dry 'Apeldoorn' bulbs should enable them to produce flowers of satisfactory quality after forcing under normal glasshouse conditions. Generally, the duration of low-temperature treatment influences the elongation of floral stalks and thereby the cut flower quality, but the mechanism specifying this phenomenon remains unknown. This research aimed to clarify the possible physiological mechanisms underlying the effects of low temperature treatment on the development of pollen grains as well as on the length of floral stalks.
MATERIALS AND METHODS

Plant Materials
Tulip (Tulipa gesneriana 'Queen of Night') bulbs (11-12 cm), produced in Niigata prefecture in Japan, were stored at 20°C in a dry and dark condition after arrival. Bulbs were pre-cooled at 15°C before treated with low temperature at 8 or 4°C on August 23 of each year and were planted on Nov. 1, 2001 and Dec. 30, 2002 .
Low Temperature Treatment and Forcing of Tulip Bulbs
Bulbs at developmental stage G3 were stored at 15°C for pre-cooling for 21 days 384 before exposed to cold at 8°C in 2001 or 4°C in 2002. One group of bulbs was maintained at 20°C throughout as the control. In the two experiments, a total of 10 treatments were arranged. With temperature degree combined with days, the treatments were: 8-70, 8-56, 8-42, 8-28, 8-14, 4-70, 4-56, 4-28, 15-21 (pre-cooling only) and 20-91 (control Table 1 . Treatments were started at such times as to allow them all to terminate on the same day. The bulbs were stored at 20°C before any treatment began. After treatment, the bulbs were planted in plastic boxes with a mixed soil supplemented with chemical fertilizers as usual and placed in a greenhouse, where the average temperature was maintained at 15°C and the maximum was controlled at 18 to 25°C .
Observation of Pollen Development and Floral Stalk Elongation
Samplings were conducted every two weeks during the process of cold treatment, once a week in 2001, and every two weeks in 2002 after planting. The length of floral stalks was measured and floral buds were used to investigate the developmental stage of pollen with microtome sectioning or a squash method. With the micro-section method, samples were fixed with FAA solution (70% ethanol: formalin: acetic acid = 90: 5: 5, v/v/v), dehydrated in a graded butanol series and embedded in Technovit 7100 (Heraeus Kulzer, Germany). Then the fixed flower buds were cut into 2 µm thick sections with a microtome, stained with Delafield's hematoxylin and observed with an optical microscope (Microscope, DMLB-100, Japan). Anthers were prepared by the squash method, then stained with 1% aceto-carmine and observed using the optical microscope.
RESULTS
Flowering Time and Length of Floral Stalk
Days to anthesis differed among treatments (Table 1) . The shortest duration, 76 days, from planting to anthesis was recognized in the treatment of 70 days at 4°C. Plants with a stalk length higher than 50 cm were the bulbs treated for 70 days at 8°C, 70 days at 4°C and 56 days at 4°C. They received more than 945 cold units, whereas bulbs receiving less than 900 cold units produced shorter stalks and took more time to flower. In conclusion, the treatment of 70 days at 4°C was the best to force 'Queen of Night', because they flowered for the shortest time from planting to anthesis with optimum stalk length.
Developmental Stage of Pollen and Pollen Fertility at Anthesis
The development process of microspores in different treatments followed a similar pattern, irrespective of the different cold storing periods and temperatures. Pollen stayed at the mononuclear stage for a long time after bulbs were planted then rapidly developed to the binuclear stage 1 week or so before anthesis and then into mature pollen (Fig. 1) .
Moreover, physical properties of the pollen grains were affected by the different cold treatments. There was a slight difference in the rate of collapse in pollen grains, and in the number of stainable pollen among treatments, as exhibited by the stainability of the mature pollen in Table 1 . The higher percentage of stainable pollen grains occurred among those treated for 70 days in cold storage at 8°C, 70 days of storage at 4°C, or 56 days at 4°C. Meanwhile, lower rates of stainable pollen grains were found in the bulbs treated with 14 days of storage at 8°C, in bulbs pre-cooled at 15°C only, and in those maintained at 20°C throughout before planting. Furthermore, there was a correlation between the percentage of stainable pollen and the flower stalk length (Fig. 2) .
DISCUSSION
The results of this experiment confirmed previous observations of effects of low temperature duration on morphological responses of tulips (Charles-Edwards and Rees, 1975; Hobson and Davies, 1978) , and effects of duration of cold treatment on the elongation of flower stalks. With increasing low-temperature treatment duration, flower stalks were longer. The time for plants to reach anthesis differed greatly between different cold durations. The earliest flowering occurred in the longest cold treatment of 70 days at 4°C (1,225 cold units), with anthesis 76 days after planting, in the range that Hobson and Davies (1978) suggested as a reference for the cold requirement of tulip bulbs. This was the highest among all the cold treatments. With the same duration of cold treatment, however, lower temperature, contributing to higher cold units, led to earlier anthesis and longer stalks. However, in the 56 days of storage at 4°C, for which the cold units were 1,001, we obtained the highest floral stalk and highest stainable percentage of pollen grains, but with a little delayed flowering time. We are still not sure which cold units are the most appropriate treatment for 'Queen of Night', since the treatments at 8°C and those at 4°C were conducted over two years respectively in the present study. As far as the stainable pollen grains were concerned, all the treatments yielded satisfying results, with the poorest stainable rate of about 70%. It seemed the development of pollen grains was not influenced by the different durations of cold treatment.
In our experiment, the developmental process of pollen grains did not show any correlation with different cold treatments. Pollen stayed at the mononucleate stage until about one week before anthsis, developed rapidly into mature binucleate pollen grains. However, the elongation of flower stalks positively correlated with the ratio of stainable pollen grains at anthesis (Fig. 2) .
Among different factors affecting the growth and development of tulip bulbs, phytohormones, especially auxins, play important roles in stalk elongation in tulips (Rietveld et al., 2000) . Removal of the flower bud and leaves, both major auxin sources, before the rapid elongation of the floral stalk reduces floral stalk elongation considerably, whereas application of IAA reverses this effect (Saniewski and de Munk, 1981; Okubo and Uemoto, 1985; Saniewski, 1989) . It is well known that pollen is one of the sites at which auxins are actively synthesized. It appears that auxins (Rietveld et al., 2000) and gibberellins (Barendse et al., 1970) produced in pollen, together with that from other synthesizing sources, influence the development of tulip plants. It might be one of the underlying causes of the higher ratio of stainable pollen grains as the elongation of floral stalks increased. 
